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ABSTRACT
We present Herschel spectroscopy of atomic lines arising in photodissociation regions as well as ion-
ization regions of nearby early-type galaxies (ETGs), focusing on the volume-limited Atlas3D sample.
Our data include the [C II], [O I], and [N II] 122 and 205 µm lines, along with ancillary data includ-
ing CO and H I maps. We find ETGs have [C II]/FIR ratios slightly lower than spiral galaxies in
the KINGFISH sample, and several ETGs have unusually large [N II] 122/[C II] ratios. The [N II]
122/[C II] ratio is correlated with UV colors and there is a strong anti-correlation of [C II]/FIR with
NUV-K seen in both spirals and ETGs, likely due to a softer radiation field with fewer photons avail-
able to ionize carbon and heat the gas. The correlation thus makes a [C II] deficit in galaxies with
redder stellar populations. The high [N II] 122/[C II] (and low [C II]/FIR) line ratios could also be
affected by the removal of much of the diffuse, low density gas, which is consistent with the low H I/H2
ratios. [C II] is now being used as a star formation indicator, and we find it is just as good for ETGs
as in spirals. The [C II]/CO ratios found are also similar to those found in spiral galaxies. Through
use of the [N II] 205 µm line, estimates of the percentage of [C II] emission arising from ionized gas
indicate a significant portion could arise in ionized regions.
Keywords: galaxies: elliptical and lenticular, cD — galaxies: ISM
1. INTRODUCTION
The atomic and ionic fine-structure lines [C II] (158
µm) and [O I] (63 µm) are the dominant cooling lines of
the neutral interstellar gas, and therefore they are impor-
tant for understanding the heating and cooling balance
in this phase of the interstellar medium. The [N II] (122,
205 µm) lines are also prominent FIR tracers of ionized
gas. These lines provide diagnostics for inferring physi-
cal conditions of the gas such as temperatures, densities,
and radiation field strengths by comparing with mod-
els of photodissociation regions (Kaufman et al. 2006;
Pound & Wolfire 2008). They are also used as tracers
of the star formation rate, similar in spirit to the optical
nebular lines, but with lower extinction (Zhao et al.
2016). And as the FIR lines are convenient for high res-
olution millimeter interferometry at redshifts & 3, they
are fast becoming workhorses for the study of high red-
shift galaxy evolution. In the context of understanding
the high redshift universe, it should be helpful to un-
derstand the behavior of these lines in as many different
types of local galaxies as possible. There is some previ-
ous work on the lines using Infrared Space Observatory
(ISO) data on a wide variety of galaxy types (e.g. Mal-
hotra et al. (2001) and Brauher et al. (2008)), but the
launch of the Herschel1 satellite provided the opportu-
nity to observe these lines in more sources and at higher
resolution than was previously possible.
Only a handful of early-type galaxies have previous
[C II] and [O I] observations, and hence little is known
1 Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with
important participation from NASA.
about the neutral interstellar medium (ISM) in these
galaxies. Malhotra et al. (2000) observed four early
type galaxies (two elliptical and two lenticular) with the
ISO , and detected all four galaxies in [C II], but only
two in [O I]. They found that [C II]/FIR was lower than
typical values found in other samples by a factor of 2-5,
and postulated that a softer UV radiation field was the
explanation for this, corroborated by a low [C II]/CO
ratio in NGC 5866.
Malhotra et al. (2001) carried out a large study with
ISO on 60 normal, star-forming galaxies on a variety
of fine structure lines including [C II] 158 µm, [O I] 63
and 145 µm, [N II] 122 µm, [O III] 52 and 88 µm, and
[N III] 57 µm. [C II]/FIR was found to decrease with
dust temperature due to the dust grains becoming posi-
tively charged, decreasing the efficiency of photoelectric
ejection. This decrease was stronger than that found for
ETGs with softer radiation fields. The [O I]/[C II] ratio
was lower than PDR models predicted, implying a contri-
bution of [C II] emission from ionized gas, but [O I]/[C II]
correlated well with 60 µm/100 µm (a proxy for dust tem-
perature) as predicted. PDR models found the average
UV radiation strength to be 102 < G0 < 104.5 and the
gas density to be 102 < n < 104.5 cm−3, with G0 α n1.4.
Brauher et al. (2008) carried out a larger study of FIR
emission lines on 227 galaxies (46 resolved, 181 unre-
solved) observed by the ISO . The trend of [C II]/FIR
decreasing with dust temperature was confirmed for all
morphological types. ETGs in the sample have values
similar to the other galaxies. Unlike [C II]/FIR, which
decreases with dust temperature, [O I]/FIR is found to
have no trend with 60 µm/100 µm for all galaxies, so as
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the dust temperature increases, [O I] takes on a larger
role in cooling the ISM. They find the [N II] 122/FIR
ratio to decrease in a similar way to the [C II]/FIR ra-
tio for spirals and irregulars, but do not have enough
detections to make a conclusion on other morphologies.
The [O I]/[C II] line ratio increases with dust tempera-
ture for all galaxy types, and [O I] becomes the primary
ISM coolant around 60 µm/100 µm ≥ 0.8. The [N II]
122/[C II] ratio is roughly constant for all types of galax-
ies, and they report a median value of 0.11 for galaxies
with detections of both lines.
This paper provides a FIR line-based characterization
of the warm and cool ISM of the largest sample of ETGs
to date, allowing comparison with both normal spiral
galaxies and the central galaxies of cooling flow clusters.
In Section 2 the selection criteria are explained, along
with the choices for the observation settings, the data
reduction process, and the methods for measuring line
fluxes. The data analysis is explained in Section 3, in-
cluding a discussion of line ratios, separating the sources
of [C II] emission, and different uses for the [C II] line.
Conclusions are presented in Section 4.
2. DATA
2.1. Sample Selection
The galaxies observed here were selected primarily as
the most CO-bright and FIR-bright members of the At-
las3D sample (Cappellari et al. 2011a). The Atlas3D
sample was developed as a complete volume-limited set
of early-type galaxies brighter than MK = -21.5 (stel-
lar masses greater than about 109.9 M); they have dis-
tances out to 42 Mpc, declinations between -4◦ and +64◦,
and galactic latitudes > 15◦. In this context the term
“early-type” refers to galaxies lacking spiral structure,
and with masses large enough to avoid irregulars and
dwarf spheroidal galaxies. No color cut was made on the
sample, so it includes a few relatively blue galaxies. The
core of the Atlas3D project involved integral-field opti-
cal spectroscopy of the central regions of the 260 galaxies
that meet all these criteria, and observations of the cold
atomic and molecular gas were also carried out (Serra et
al. (2012); Young et al. (2011)).
Of the 23 Atlas3D galaxies brightest in FIR flux, we
observed 18 with PACS and the KINGFISH project ob-
served 2 (Kennicutt et al. 2011). Of the 14 brightest in
12CO J=1-0 (as well as FIR), we selected 8 for SPIRE
spectroscopy and obtained another one from the archive.
This was a conservative approach to make detections
more likely, and our results show that fainter galaxies
would likely have been detected had they been chosen.
An optical color-magnitude diagram of the sample galax-
ies is shown in Figure 1. This set includes field galaxies
and members of the Virgo Cluster; some are H I-rich,
and some (even field galaxies) are extremely H I-poor,
with the H I/H2 ratio ranging from ∼ 0.001 to 10; some
are found on the red sequence (NUV-K ∼ 8.5), whereas
others are as blue as typical spirals (NUV-K ∼ 5); some
have dynamically relaxed cold gas disks whereas others
show clear signs of recent accretion or disturbance. Some
have AGN activity. Thus, the sample probes a wide va-
riety of parameters that might affect the properties of
their ISM.
Figure 1. Properties of the sample galaxies relative to the full At-
las3D sample. Circle sizes indicate molecular gas content. Purple
circles represent galaxies observed with PACS; yellow circles repre-
sent galaxies observed with both PACS and SPIRE. Green circles
represent Atlas3D galaxies with molecular gas, but not selected
for Herschel observations, while crosses indicate Atlas3D galaxies
without detected CO. The red sequence of ETGs is prominent at
NUV-K ∼8-9.
2.2. Observation and Reduction
2.2.1. PACS Observations
Eighteen galaxies were observed with the PACS spec-
trometer (Poglitsch et al. 2010) and a subset of 8 had
additional observations with SPIRE (Griffin et al. 2010)
under the project OT1_lyoung_1. Both instruments
were part of the Herschel space-borne observatory (Pil-
bratt et al. 2010). Our data obtained with the PACS
spectrometer include the [C II] 158 µm, [O I] 63 µm,
and [N II] 122 µm fine-structure lines. Optical images of
each galaxy with an outline of the PACS field of view and
[C II] contours can be seen in Figure 2. We also make
use of PACS observations for NGC 1266 and NGC 5866
from the KINGFISH project KPOT_rkennicu_1. All
lines were observed in the PACS LineSpec mode except
for the [O I] lines in NGC 3607, NGC 3626, NGC 3665,
NGC 4429, NGC 4435, NGC 4459, and NGC 4526 which
were observed in the RangeSpec mode. RangeSpec mode
was used when there were concerns that the wavelength
range available in the standard LineSpec mode at 63 µm
would not be large enough for their broad lines. This is
based on previously known CO linewidths (Young et al.
2011). The [O I] line was not observed for UGC01676,
and the wrong velocity was used for NGC 3665 lead-
ing to a non-centered detection of the [O I] line. The
observations were done in LineSpec “faint line” mode or
(as appropriate) RangeSpec with Nyquist sampling. The
spectral resolutions for the [C II], [N II], and [O I] lines
are 237.8 km/s, 291.2 km/s, and 87.5 km/s, respectively.
Our observations were done as small raster maps in
Chop-Nod mode with a large throw (6 ′). [C II] and [N II]
used 2x2 rasters with a step of 4.5′′. The [O I] LineSpec
observations were done as 3x3 rasters with a step of 3′′,
and the [O I] RangeSpec ones were done as 2x2 rasters
with a step of 4.5′′. Observations were done as raster
mapping to fully sample the point spread function and
provide information on the extent and kinematics of the
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gas. PACS spectroscopy has an angular field of view of
47′′ x 47′′ and pixel sizes of 9′′ x 9′′.
Our PACS data were reduced using the Herschel Inter-
active Processing Environment (HIPE) version 14 (Ott
2010). The built-in ChopNod pipeline was used to cal-
ibrate the flux and wavelengths, as well as mask bad
pixels (outliers, glitches, saturated or noisy pixels). To
avoid correlated noise, our pipeline wavelength gridding
uses values of 2 for oversample and 1 for the upsam-
ple parameters. The resulting data cubes were then fur-
ther processed in HIPE’s spectrum explorer. The contin-
uum was subracted using a degree two polynomial model
based on manually selected regions, avoiding the noise at
the edges of the spectra.
2.2.2. SPIRE Observations
In addition to the PACS observations, a subset of
nine galaxies were observed with the SPIRE instrument.
Based on CO images from Alatalo et al. (2015), the
molecular emission was expected to be mostly or entirely
within the beam of the central SPIRE detector, so the ob-
servations are single pointings in the high spectral resolu-
tion mode. Many CO transitions are seen in the SPIRE
spectra, along with two [C I] transitions, a few H2O and
HCN transitions, and occasional HCO lines. The major-
ity of the CO and [C I] lines were detected in almost all of
the galaxies. In this work, only the [N II] 205 line is used
from the SPIRE spectra. The 205 µm data from SPIRE
is only used for our ETGs. For the KINGFISH galaxies,
the 205 µm line fluxes instead come from PACS data. In
Appendix A.1.2 we discuss the good agreement between
the PACS and SPIRE [N II] 205 µm line fluxes using
6 KINGFISH galaxies with measurements from both in-
struments. All other lines observed with SPIRE will be
discussed in a subsequent paper. The details of the ob-
servations for each galaxy can be found in the Herschel
Science Archive (HSA). SPIRE photometry observations
are available for all of the SPIRE spectroscopic targets
to assist with calibration.
The SPIRE data were reduced using HIPE 14’s built in
Single Pointing user pipeline. After the standard pipeline
reduction the spectra were processed with the Semi-
Extended Flux Correction Tool (SECT). The SECT pa-
rameters are discussed below.
2.3. Comparison of Cooling Line Emission Distribution
We begin by estimating how much of the FIR line emis-
sion may be lost outside of the PACS field of view by
determining how much of the 160 µm continuum is emit-
ted outside this field of view. PACS 160 µm continuum
images were overlaid with the PACS spectral footprint,
and the flux within the footprint was compared to the
total flux contained within the galaxy. PACS photome-
try was available in the HSA for NGC 1266, 3626, 3665,
4459, 4526, 4710, 5866, and 7465. The worst cases were
NGC 4710, which had 88.7% of the 160 µm emission in
the PACS field of view, and NGC 4526, which contained
95.8% of the continuum emission in the PACS field of
view. The continuum emission for the remaining galax-
ies was completely inside the PACS spectral footprint. If
[C II] is distributed like the 160 µm continuum, then we
expect the PACS field of view to contain ≥ 90% of the
total [C II] flux.
Additionally, position-velocity slices for [C II], [O I],
and [N II] 122 micron were utilized along with those of
CO(1-0) to examine whether the atomic gas is spatially
co-located with the molecular gas, as well as sharing kine-
matic properties. In most cases the atomic gas follows
the molecular gas, as in Figures A1, A2, and A3. This
is reassuring for galaxies with faint [O I] emission such
as NGC 3489, 4429, or 3607. NGC 3626 may be a case
where [O I] is more compact than CO. In some cases
[C II] is more spatially extended than CO. This is con-
spicuous in NGC 1222, seen in Figure A4, where the
[C II] likely follows the sum of atomic and molecular gas,
but could be the case in NGC 4694, 7465, and IC 1024 as
well. The line widths of the PACS lines are also similar
to those found from CO, though the resolution for the
CO is much better and can more accurately describe the
motion of the gas.
2.4. Measuring Line Fluxes
In Table 1 we present the fluxes and uncertainties ob-
tained by summing the spectral data from the entire
PACS image as well as the fluxes obtained in an aperture
of radius 15′′ centered on the galaxy nucleus (the bright-
est pixel). In both cases the data cubes were spatially
integrated to produce a single spectrum from which a to-
tal flux could be extracted using a Gaussian model. The
pixels are summed directly without the use of weight-
ing. The spectra produced with 15′′ apertures can be
seen in Figure 3. For the 15′′ apertures, Enclosed En-
ergy Fractions (EEFs) were used to correct the spectra
for missing emission scattered out of the aperture by the
point spread function; these corrections assume the tar-
get is a point source, and while our galaxies are not true
point sources, they are centrally peaked. Uncertainties
in the line fluxes were calculated using the residuals from
the Gaussian model. A single-channel standard deviation
σ1 was calculated and summed across the channels that
span the full width of the line, giving a total uncertainty
in the sum of
√
Nσ1δv , where N is the number of chan-
nels spanning the width of the line and δv is the channel
width. It should be noted there is an additional ± 30%
absolute calibration uncertainty for PACS spectroscopy
as detailed in Section 4.10 of the PACS Observer’s Man-
ual.
Fluxes from the two apertures are presented because
they are useful in different situations. In calculating a
line/continuum ratio such as [CII]/FIR, our FIR fluxes
come from low resolution IRAS, Spitzer, or AKARI data
so the largest available line aperture is desired. How-
ever, for the fainter lines, the outer parts of the PACS
field of view are very noisy and the nominal fluxes mea-
sured in the full image can be less than fluxes measured
in a smaller aperture. In addition, for internal PACS
line ratios it is desirable to match the apertures used in
each line. For these ratios we use the matched 15′′ aper-
tures. The choice of the 15′′ radius is based on inspection
of the position-velocity diagrams (Figures A1, A2, and
A3) and a curve-of-growth analysis; it is large enough to
capture most of the flux in the PACS fields, to provide
robust detections and to have minimal EEF corrections
(≤ 10%), but small enough to avoid most of the noisy
regions around the field edges. For our targets the 15′′
radius corresponds to ∼ 1 to 2 kpc.
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Galaxies NGC 1222, 1266, 4429, and 5866 have pre-
vious observations made by the Long Wavelength Spec-
trometer aboard ISO (Brauher et al. 2008). For NGC
1222, our [C II] flux is 24% greater, our [O I] flux is 86%
of their value, and the [N II] values agree within 10%. For
NGC 1266, our [C II] flux is 14% greater and the [N II]
flux is consistent with their upper limit. For NGC 4429
only a [C II] observation was available, but it is within
5% of our value. Finally, for NGC 5866 our PACS line
fluxes obtained within a 15′′ aperture are consistent with
the ISO data. The [C II] flux is 13% greater than what
was previously found, and the [N II] flux is 48% less than
the previous value. However, both [N II] detections are
weak (∼ 3.5 σ), so they are consistent given the beam
sizes and low S/N.
Before measuring the fluxes in our SPIRE spectra,
we apply a correction factor determined by the semi-
extended correction tool (SECT) in HIPE. The SECT
attempts to extrapolate to a total source flux, correct-
ing for the fact that the central detector beam may not
fully cover the source and that the beam size is strongly
wavelength dependent. When using the SECT on SPIRE
spectra, we prefer to specify the source size, position an-
gle, and eccentricity, rather than allowing the SECT to
optimize the source size based on the overlap region be-
tween SLW and SSW spectra. The reason for this is that
the two parts of the spectrum have random continuum
offsets (with respect to each other) on the order of 0.3-0.4
Jy (Hopwood et al. 2015), and for these weak sources
that is a large proportion of the flux in the overlap region.
The spatial and kinematic CO comparisons–particularly
[N II] 122 vs CO shown in Figure A2–suggest that the
CO sizes offer good estimates to use in the SPIRE SECT
when measuring the [N II] 205 fluxes. We also prefer
not to force our spectrum to match the photometry, but
instead use external knowledge about the probable emis-
sion size and use the photometry as a sanity check. The
source variables were chosen using two dimensional Gaus-
sian models of the CO(1-0) emission. For NGC 2764 and
5866 the corrections based on CO sizes clearly underes-
timate the photometry, so larger source sizes based on
two-dimensional Gaussian fits to the SPIRE 250µm im-
ages were also used. We make use of both [N II] 205 line
fluxes for these two galaxies in a “worst case” illustration
of the magnitudes of the extrapolation uncertainties. A
Gaussian reference beam with FWHM= 44.15′′ was used
to obtain a flux matching the 47′′ x 47′′ field of view for
the PACS observations.
After being reduced in the standard pipeline and pro-
cessed with the SECT, the SPIRE spectra were fit using
HIPE’s built in Spectrometer Line Fitting script. The
spectra before and after the SECT are seen in Figure
4. The unapodized spectra were used in the fitting rou-
tines, and two components were used to model the emis-
sion. Sinc line profiles were used for all galaxies except
NGC 4526, which was fit using a sinc-gauss line pro-
file. Uncertainties were calculated using the residuals
from the model in the same manner as the PACS spec-
tra. Fluxes and uncertainties for the SPIRE data, as well
as the correction factor given by the SECT at 205 µm
can be found in Table 2. The SPIRE Handbook version
2.5 recommends summing the absolute calibration uncer-
tainty (4%) and relative calibration uncertainty (1.5%)
directly for a conservative total estimate of the calibra-
tion uncertainty of 5.5%. The calibration uncertainties
have not been applied to the line flux uncertainties listed
in the tables for PACS or SPIRE.
Systematic uncertainties due to the source size extrap-
olation corrections for our galaxies are expected to be
similar to or larger than the absolute calibration un-
certainties. Comparison to Kamenetzky et al. (2016)
suggests these systematic uncertainties are on the order
of ∼20-30%. To obtain flux measurements they first
use the 250 µm continuum for a size estimate, fixing
the SLW/SSW overlap, but this often makes the spec-
tra higher than the photometric data, so they multiply
down by a polynomial to ensure the spectrum matches
the photometry. We use a different approach, but our
SPIRE [N II] 205 line fluxes are in very good agreement
with their values. NGC 2764, NGC 3665, NGC 4526, and
NGC 5866 are almost exact matches, within a few per-
cent, while the remaining galaxies agree within 20-30%.
The NGC 2764 and 5866 fluxes found using the 250 µm
sizes are 74% and 72% greater than the Kamenetzky et
al. (2016) values.
3. ANALYSIS
Nearly every galaxy was detected in [C II], [O I], and
[N II] 122 µm lines as can be seen in Table 1. All nine
galaxies observed by the SPIRE spectrometer were de-
tected in the [N II] 205µm line. To characterize the prop-
erties of the ISM in our selection of galaxies, the line
versus continuum ratios are explored, as well as emission
line ratios. Additionally, [C II] is investigated as both a
SFR indicator and as a measure of H2 mass.
3.1. Line-to-Continuum Ratios
The ratio of [C II] to FIR continuum flux depends on
the heating efficiency of gas by photoelectrons off the
dust grains. To explore such trends with dust tempera-
ture for the ETG sample, the three primary cooling lines
[C II] 158, [O I] 63, and [N II] 122 are plotted as a frac-
tion of FIR flux against a proxy of dust temperature,
the 60µm/100µm flux ratio. We calculate FIR flux us-
ing IRAS 60 and 100 micron fluxes from Knapp et al.
(1989), and the formula given by Helou et al. (1988).
For NGC 3626 and UGC 06176, IRAS data are unavail-
able, so AKARI 65 and 90 µm fluxes are substituted
(Kokusho et al. 2016). For galaxies with Spitzer data
(NGC 1266, 3032, 3489, 3607, 4150, 4435, 4459, 4526,
and 5866), we calculate TIR flux using MIPS 24, 70, and
160 µm data from Temi et al. (2009b) and the formula
in Dale & Helou (2002), then estimate FIR as TIR/2.
The FIR fluxes found from MIPS data are on average
79% of those found with the IRAS data, ranging from
66% to 96% with better agreement found at lower dust
temperatures. The sum ([C II] + [O I])/FIR is a measure
of the total gas cooling efficiency and is shown alongside
the other line/FIR plots in Figure 5.
We make use of comparison samples obtained from
Brauher et al. (2008) and the KINGFISH project (Ken-
nicutt et al. 2011). The galaxies in Brauher et al.
(2008) contain all morphologies and were observed by
ISO , while the KINGFISH galaxies are mostly late type
galaxies and were observed with Herschel . Galaxies clas-
sified as ETGs from Brauher et al. (2008) that have veloc-
ities > 3000 km s−1 are really ULIRGS and are treated
as LTGs in the comparison plots. For line/FIR ratios
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Table 1
Line Fluxes and Uncertainties
[C II] 158 [O I] 63 [N II] 122 FIR
Galaxy Int. Area Size (kpc) Flux σ Flux σ Flux σ Flux σ
IC 0676 15 ′′ 1.8 6.674 0.062 4.131 0.062 1.089 0.058 1692 17
full image 7.938 0.072 4.04 0.27 1.145 0.076 1692 17
IC 1024 15 ′′ 1.8 15.010 0.038 5.632 0.056 0.986 0.039 2316 17
full image 18.715 0.077 7.10 0.35 0.910 0.082 2316 17
NGC 1222 15 ′′ 2.4 30.02 0.19 23.379 0.072 1.191 0.036 6187 19
full image 34.73 0.13 25.19 0.25 1.202 0.070 6187 19
NGC 1266 15 ′′ 2.2 6.92 0.18 4.94 0.30 1.15 0.17 8481 283
full image 7.24 0.33 5.15 0.89 · · · · · · 8481 283
NGC 2764 15 ′′ 2.9 14.693 0.066 5.64 0.17 1.186 0.036 2103 85
full image 19.225 0.053 7.40 0.72 1.457 0.071 2103 85
NGC 3032 15 ′′ 1.6 6.995 0.024 2.271 0.070 0.946 0.022 1976 93
full image 7.738 0.049 2.29 0.20 1.023 0.080 1976 93
NGC 3489 15 ′′ 0.9 1.643 0.031 0.459 0.075 0.181 0.020 1468 43
full image 2.65 0.12 < 0.903 · · · · · · · · · 1468 43
NGC 3607 15 ′′ 1.6 1.551 0.055 < 0.494 · · · 0.622 0.069 1305 58
full image 1.529 0.052 < 1.610 · · · 0.77 0.12 1305 58
NGC 3626 15 ′′ 1.4 3.361 0.019 1.65 0.17 0.320 0.037 920 104
full image 5.578 0.084 < 2.546 · · · 0.45 0.10 920 104
NGC 3665 15 ′′ 2.4 4.194 0.050 3.19 0.29 1.204 0.058 1570 26
full image 4.758 0.095 · · · · · · 1.30 0.15 1570 26
NGC 4150 15 ′′ 1.0 1.205 0.015 0.599 0.086 0.136 0.043 1071 60
full image 1.474 0.064 · · · · · · · · · · · · 1071 60
NGC 4429 15 ′′ 1.2 1.575 0.037 < 0.443 · · · 0.493 0.022 1156 20
full image 1.83 0.11 < 1.485 · · · 0.63 0.13 1156 20
NGC 4435 15 ′′ 1.2 1.808 0.044 0.46 0.14 0.878 0.050 1708 105
full image 1.71 0.13 · · · · · · 0.95 0.14 1708 105
NGC 4459 15 ′′ 1.2 1.535 0.040 < 0.971 · · · 0.339 0.017 1873 124
full image 1.85 0.10 < 2.469 · · · · · · · · · 1873 124
NGC 4526 15 ′′ 1.2 7.465 0.053 2.24 0.28 4.813 0.054 6661 382
full image 8.690 0.092 · · · · · · 4.822 0.078 6661 382
NGC 4694 15 ′′ 1.2 3.559 0.020 1.101 0.047 0.325 0.020 784 27
full image 4.435 0.049 1.36 0.15 < 0.341 · · · 784 27
NGC 4710 15 ′′ 1.2 12.419 0.027 4.26 0.26 4.669 0.033 3726 26
full image 15.372 0.066 4.98 0.91 4.88 0.11 3726 26
NGC 5866 15 ′′ 1.1 5.75 0.16 1.58 0.17 0.53 0.15 7690 384
full image 14.11 0.94 3.98 0.83 0.49 0.15 7690 384
NGC 7465 15 ′′ 2.1 12.33 0.10 8.392 0.063 0.538 0.018 2804 33
full image 14.62 0.10 10.04 0.24 0.627 0.095 2804 33
UGC06176 15 ′′ 2.9 3.032 0.020 · · · · · · 0.486 0.042 720 121
full image 3.332 0.067 · · · · · · 0.44 0.12 720 121
Note. — Line fluxes and uncertainties for the PACS emission lines. All quantities are in units of 10−16
W m−2. Values for the full image less than 90% of those obtained with a 15′′ are considered too noisy
and are not shown.
for our sample galaxies we use the full image line flux
values (unless they are less than the 15′′ fluxes) to more
closely match the IRAS 60 and 100 µm observations. For
the KINGFISH galaxies, which are often extended and
have good FIR images, we have computed FIR fluxes in
apertures matching the line data (see Appendix A for
details).
The [C II]/FIR values range from about 0.001 to 0.007,
typical cooling efficiencies for the [C II] line as can be seen
by the overlap with other samples in Figure 5. However,
the line/continuum ratios are consistently lower than the
KINGFISH sample. Log values for our sample have a
median value of -2.43 with a standard deviation of 0.22,
while the KINGFISH LTGs have a median value of -
2.10 with a standard deviation of 0.20. This could be
due to dust in ETGs being heated by older stars which
won’t release as many photoelectrons, resulting in less
heating and a lower cooling efficiency. We do not see
a [C II]/FIR deficit at warm dust temperatures (higher
60/100 µm ratios) for ETGs, while the ratio decreases for
the broader galaxy samples (Brauher et al. 2008; Malho-
tra et al. 2001). In fact, a Kendall rank test indicates
that [C II]/FIR increases with dust temperature for our
sample of ETGs, however the p-value for the rank test is
0.068, so the evidence for an increase with dust temper-
ature is weak.
Smith et al. (2017) have also studied the [C II] deficit
in the KINGFISH galaxies with spatially resolved data,
rather than single apertures as we use in our present
work. They find that the trend of [C II]/TIR increasing
with 24 µm surface brightness is more significant than
the trend with IR color, and that the residuals from the
24 µm trend also correlate with the gas metallicity. The
values presented in Appendix A reproduce those corre-
lations. Unfortunately, we do not have gas phase metal-
licities for the ETGs, so we cannot yet do a direct com-
parison on the role of gas metallicity in the ETGs. In
any case it should be noted that Smith et al. (2017)
demonstrate correlation, but not necessarily causation,
since for the KINGFISH sample [C II]/TIR and metal-
licity are also correlated with color, morphological type,
and total stellar mass. Thus additional exploration will
be required before we can claim to know what drives the
[C II] deficits.
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Table 2
SPIRE Line Fluxes and Uncertainties
Galaxy Diam (′′) Flux σ Factor
NGC 1222 12.5 0.607 0.018 1.257
NGC 1266 2.8 0.364 0.035 1.078
NGC 2764 6.4 0.679 0.016 1.060
NGC 3665 9.8 0.729 0.014 1.078
NGC 4459 9.0 0.309 0.010 1.079
NGC 4526 14.8 2.575 0.0048 1.061
NGC 4710 13.3 2.107 0.010 1.079
NGC 5866 10.1 0.579 0.0059 1.061
NGC 7465 12.7 0.333 0.024 1.078
NGC 2764* 27.3 1.168 0.027 1.812
NGC 5866* 39.0 1.016 0.0087 1.818
Note. — Line fluxes and uncertainties for the
SPIRE [N II] 205 line in units of 10−16 W m−2.
Because our sources are not point sources, the Semi
Extended Correction Tool (SECT) was applied to
our spectra, multiplying each channel by some scal-
ing factor. The correction factor at 205 µm is given.
To obtain an approximate value for the uncorrected
flux, divide by the factor in the table.
*NGC 2764 and 5866 have values listed for size es-
timates based on the 250 µm data as well because
the SECT corrected spectra produced from the CO
estimates did not agree well with the photometry.
To begin some further exploration, we test an idea dis-
cussed by Malhotra et al. (2001) and Smith et al.
(2017), which is that softer (redder) radiation fields have
fewer photons available to ionize carbon and heat the
gas. UV colors were taken from Young et al. (2014) (for
ETGs) and Dale et al. (2007) (for KINGFISH galax-
ies). The [C II]/FIR ratio is strongly correlated with UV
colors, shown in Figure 6. Our ETG sample yields a
Kendall rank τ of -0.634 with a corresponding p value of
0.0001. Given this strong correlation, we also investigate
the other line/FIR ratios with respect to UV color.
The [O I]/FIR values range from roughly 0.0004 to
0.004. For the most part [O I]/FIR is constant with dust
temperature, however there is evidence for the ratio to
increase with dust temperature for ETGs. A Kendall
rank test on our sample returns a τ value of 0.45 and a
corresponding probability of 0.004. The [O I]/FIR ratios
are on average slightly larger for the KINGFISH LTGs,
with the log values having a median of -2.57 and stan-
dard deviation of 0.22, while our sample has a median of
-2.73 and a standard deviation of 0.28. Like [C II]/FIR,
[O I]/FIR also has a tendency to decrease with NUV-
K colors, though not as sharply as [C II]/FIR. Kendall
rank tests for both quantities in our sample yield τ val-
ues of -0.634 and -0.503 for [C II]/FIR and [O I]/FIR,
respectively.
The [N II] 122/FIR values range from about 0.000125
to 0.00125, occupying a similar spread of values to com-
parison samples, with the log values having a median of
-3.35 and standard deviation of 0.32, while the KING-
FISH LTGs have a median value of -3.09 and a standard
deviation of 0.18. Malhotra et al. (2001) and Brauher et
al. (2008) find a trend of decreasing [N II]/FIR with 60
µm/100 µm, and a similar gradual decline is present in
our sample as well, however it is not statistically signifi-
cant with a p value of 0.11. In contrast to [C II]/FIR and
[O I]/FIR, the [N II] 122/FIR ratio has weak evidence of
a positive trend with UV colors, with a τ of 0.281 and a p
value of 0.052. The ionization energy of nitrogen is 14.5
eV, so the [N II] emission is more sensitive to the Lyman
continuum fields of ionizing stars within H II regions,
whereas the [C II] and [O I] emission are more sensitive
to the general interstellar radiation field reflected in the
global galaxy UV-optical colors from GALEX photome-
try.
Malhotra et al. (2001) find a slight decrease in gas
cooling efficiency ([C II] + [O I])/FIR with increasing
dust temperature, however Brauher et al. (2008) claim
to only find this decrease in spirals, but not in their sam-
ple of unresolved galaxies as a whole. A Kendall rank
test shows a tendency for the efficiency to increase for
ETGs. KINGFISH LTGs are consistently larger for this
ratio as well, with log values having a median and stan-
dard deviation of -1.95 and 0.18, while our sample has
a median and standard deviation of -2.20 and 0.23. As
with the [C II]/FIR and [O I]/FIR ratios, the total cool-
ing efficiency decreases with redder UV-optical colors.
3.2. Emission Line Ratios
3.2.1. [O I]/[C II] as a Gas Density Tracer in ETGs
Carbon has an ionization potential of 11.26 eV, while
the ionization potential of oxygen is 13.62 eV, so in PDR
layers where H is neutral and atomic, carbon is C+ and
oxygen is neutral. The [O I] line has a higher critical
density and excitation energy than [C II], so it is the
primary coolant of warm, dense gas, and in x-ray dis-
sociated regions, the [O I] line can be stronger than in
typical PDRs (Maloney et al. 1996). As their FIR lines
have different critical densities, the line ratio [O I]/[C II]
can be used as a density indicator. This is complicated
by the fact that in deeper layers of the PDR carbon is
neutral (or in CO) alongside atomic oxygen. Also C+
exists in ionized gas while neutral O does not. Another
complication is the fact that the [O I] line can be opti-
cally thick for some values of hydrogen density, n, and
interstellar radiation field strength, G0. Despite these
complications, the [O I]/[C II] ratio can be used as a
number density probe for dense gas (3 × 103 < n < 5 ×
105 cm−3). For n significantly less than the critical den-
sity of an optically thin emission line, assuming a fixed
column density, the intensity increases linearly with n.
For n significantly greater than the critical density, the
intensity becomes independent of n. The critical density
for [C II] is about 3 × 103 cm−3 and the critical density
for [O I] is 5 × 105 cm−3, so the [O I]/[C II] ratio should
increase throughout this range.
For the line/line ratios we use the 15′′ aperture fluxes
since those apertures define exactly the same region on
the sky in both lines. The line ratio [O I]/[C II] ranges
from 0.25 to 0.78, consistent with regular spirals and
other ETGs, but lower than AGN and ULIRGs, which
can approach values as high as 5 (Brauher et al. 2008).
The median of the log values from Brauher et al. (2008)
is -0.19 with a standard deviation of 0.25, but the KING-
FISH LTGs have a median closer to the value from our
sample. The median from KINGFISH is -0.48 with a
standard deviation of 0.23, while the median from our
ETGs is -0.46 with a standard deviation of 0.21. There
is a general trend for this ratio to increase with increasing
dust temperature, and a Kendall Rank test on our sam-
ple returns a τ = 0.474 and a corresponding p = 0.0023.
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Figure 5. Each PACS line flux relative to FIR plotted against a
tracer of dust temperature. The red stars are our sample, the blue
circles are LTGs from Brauher et al. (2008), and the blue squares
are LTGs from the KINGFISH survey (Kennicutt et al. 2011).
Red circles and squares are ETGs from the corresponding samples.
Kendall rank τ coefficients and their corresponding p values are
also shown. Full image flux values are used for our sample unless
the 15′′ flux is greater. If data from our sample is missing error
bars, the error is smaller than the symbol.
Figure 6. The line/FIR ratios plotted against NUV-K. KING-
FISH LTGs are plotted as blue squares, while KINGFISH ETGs
are plotted in red. Our ETGs are plotted as red stars. For each
line Kendall rank τ coefficients and their corresponding p values
are also shown. For our ETGs there is a strong anti-correlation
over several magnitudes for [C II]/FIR and NUV-K, which seems
to drive the correlation of [N II]/[C II] with UV colors. There does
not appear to be a correlation of [N II]/FIR with UV colors. If data
from our sample is missing error bars, the error is smaller than the
symbol.
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Thus the ETGs exhibit the same behavior as normal spi-
rals in this respect. These results can be seen in Figure
7.
3.2.2. Large [N II]/[C II] Ratios in ETGs
The [N II] emission lines arise exclusively in regions
where hydrogen is ionized since the ionization potential
of nitrogen is 14.5 eV. Collisions with electrons are the ex-
citation mechanism for these emission lines, so the [N II]
122 and 205 µm lines can be used to infer electron den-
sity. The lines are also used to estimate the [C II] emis-
sion arising from ionized gas. Both [C II] and [N II] are
used as star formation indicators (e.g. Herrera-Camus
et al. (2015); Zhao et al. (2016)), and our results be-
low suggest that for some kinds of samples there may
be a systematic bias between the two measures. Under-
standing what drives the systematic difference between
them is crucial if they are to be widely used. Looking for
correlations with other parameters will help clarify their
relationship.
The line ratio [N II] 122/[C II] has values from 0.035
to 0.64, and is plotted against several different quanti-
ties in Figure 8. We find that 25% of our sample have
ratios significantly larger than comparison spirals and
ETGs, which seem to reside primarily below a value of
0.3 (drawn in the first panel of the figure). There are
a couple of galaxies from the KINGFISH sample that
approach these high ratios, including several upper lim-
its, but no detections are as high as ours, the largest
of which is a factor of 2 larger than any previous mea-
surement. The large line ratios reside exclusively at low
dust temperatures as seen in the first panel of Figure 8.
Cormier et al. (2015) find small [N II] 122/[C II] ratios
for low metallicity dwarf galaxies, however without gas
phase metallicity measurements we cannot test whether
the inverse is true. According to the models of Mittal et
al. (2012), ratios as high as the ones we observe can be
produced if there are only small contributions to [C II]
from neutral gas (i.e. PDRs). These high line ratios
may be related to the lower atomic gas fraction in their
host galaxies, and indeed we only find the larger [N II]
122/[C II] ratios in galaxies with Log(H I/H2)< −0.5,
shown in the third panel of Figure 8.
Another possible influence is the presence of an AGN
in galaxies with higher [N II]/[C II] ratios, indicated by
stars in the third panel of Figure 8. It has been pro-
posed that AGN activity decreases the [C II] emission
by increasing the ionization state of the gas (i.e. carbon
will mostly be C2+ rather than C+) (Malhotra et al.
2001). All galaxies with a ratio > 0.2 (NGC 3607, NGC
3665, NGC 4429, NGC 4435, NGC 4459 NGC 4526, and
NGC 4710) are presumed to have an AGN (Nyland et al.
2016). However, some galaxies with an AGN have small
[N II]/[C II] ratios (i.e. NGC 1222 with a ratio of 0.040).
Those without an AGN have ratios between 0.066 and
0.14 and those with an AGN range between 0.035 and
0.64. An AGN may be a necessary condition, but not a
sufficient condition for an elevated [N II]/[C II] ratio.
Even more striking is evidence that the hardness
of the general interstellar radiation field, as measured
by UV-optical colors, are strongly correlated with the
[N II]/[C II] ratio. UV colors were used to plot the
[N II]/[C II] ratio against NUV-K and an obvious
trend can be seen in panel two of Figure 8. For the
Figure 7. The [O I] 63 to [C II] 158 line ratio, plotted against a
tracer of dust temperature. The red stars are our sample (from the
15′′ apertures), blue and red circles are LTGs and ETGs, respec-
tively, from the Brauher et al. (2008) sample, and the blue and red
squares are LTGs and ETGs, respectively, from the KINGFISH
study (Kennicutt et al. 2011). Our sample has on average lower
[O I]/[C II] line ratios than the Brauher sample. If data from our
sample is missing error bars, the error is smaller than the symbol.
ETGs, a Kendall rank coefficient of 0.421 was found for
[N II]/[C II] and NUV-K. A two tailed test for p-values
yields 0.005, showing that the correlation is highly un-
likely to arise by chance. The ratio is related to the
strong correlation of [C II]/FIR with UV colors shown
in Figure 6, and corresponding lack of correlation for
[N II]/FIR, caused by the difference in ionization poten-
tials for carbon and nitrogen.
Among all the emission lines in the ETG sample, there
do not appear to be any fundamental differences to help
differentiate cluster galaxies from field galaxies. Both
line/FIR ratios and line/line ratios span the same range
for high or low values of ρ10 and Σ3 (both indicators of
galaxy density) as defined in Cappellari et al. (2011b).
Additionally we find no obvious relation between the ra-
tios and the importance of organized rotation versus non-
ordered velocity dispersion (as defined by λRe in Em-
sellem et al. (2011)), or any relation to the misalignment
of stars and gas (Davis et al. 2011).
Further analysis of the line ratios will be explored in
a future paper. A detailed analysis of the gas properties
using PDR models will be done, utilizing the [C I] and
high J CO lines from the SPIRE observations in conjunc-
tion with the PACS emission lines and ancillary data.
3.3. Fraction of [C II] Arising in the Ionized Gas of
ETGs
Since the ionization potential of carbon is lower than
hydrogen, carbon will be ionized in H II regions, but
to complicate matters ionized carbon can be found in
PDRs as well, alongside neutral carbon and CO near
the dense center of the gas cloud. To properly use PDR
models and calculate line ratios, these two components
must be decomposed into a [C II] flux attributed to the
ionized region and a component attributed to PDRs. We
first tried to use the method in Malhotra et al. (2001)
to separate these components, but in several cases this
attributed all of the [C II] emission to ionized regions,
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Figure 8. The [N II] 122 to [C II] 158 line ratio, plotted against a tracer of dust temperature, UV colors, and the atomic to molecular
gas mass ratio. Our sample has large [N II]/[C II] ratios for several galaxies. For the first two panels, ETGs are red, while LTGs are blue.
Our sample is plotted as stars, while the KINGFISH sample is plotted as squares (Kennicutt et al. 2011), and the Brauher sample is
plotted as circles (Brauher et al. 2008). In the first panel a red line is drawn at [N II]/[C II] = 0.3, above which there are no detections
other than those from our ETG sample. The second panel shows a correlation with UV colors. For ETGs there is a linear correlation with
a Pearson r value of 0.70. A two tailed test for the p-value yields 0.0012. The last panel shows that the highest [N II]/[C II] values have
Log(H I/H2)< −0.5. H I values were obtained from Serra et al. (2012), while H2 values came from Young et al. (2011). Galaxies with
AGN are indicated with gold stars in panel 3. If data from our sample is missing error bars, the error is smaller than the symbol.
which is unlikely.
A detailed method for decomposing the [C II] flux into
neutral and ionized components is discussed in Oberst et
al. (2006) for galaxies with observations of the [N II] 122
and 205 lines. Figure 9 depicts this method at work for
both our sample galaxies (circles) and the KINGFISH
sample galaxies (squares). Assuming electron impact as
the excitation method, the electron density of the ion-
ized regions can be found using the line ratio of [N II]
122/[N II] 205 and the computed red line. This elec-
tron density can then be used to calculate an expected
line ratio for [C II]/[N II] 205 for ionized gas, according
to the blue line. This ratio along with the [N II] 205
flux predicts the ionized [C II] flux, which may be sub-
tracted from the total to find the [C II] flux attributable
to PDRs. Note the same method may be performed us-
ing the [N II] 122/[C II] ratio instead (yellow line), but
this ratio is more sensitive to uncertainties in the density.
The results of decoupling the [C II] emission into ionized
and neutral components are in Table 3. Upper and lower
limits for the contribution from PDRs were calculated by
using the upper and lower limits on the [N II] 122/[N II]
205 ratio. Our ETGs and the KINGFISH galaxies tend
to have similar [C II] PDR components. Our early type
galaxies average 63.5% (70.9% without NGC 4526), while
the KINGFISH galaxies average 53.0% (59.6% without
NGC 5457). A comparison like this was not possible prior
to Herschel observations of the [N II] 205 line. These re-
sults depend on the assumed [N II]/[C II] abundances
and further emission line data will be necessary to check
those assumptions.
Theoretical line ratios were calculated using a three
level atom model for [N II] and a two level atom model for
[C II]. These assumptions are adequate because the third
energy level for [N II] has E/k of approximately 22000 K,
while the second energy level for [C II] has E/k of approx-
imately 62000 K. The relative abundances were drawn
from Savage & Sembach (1996) and corrected for ioniza-
tion states based on models from Rubin (1985). The
gas phase abundances used were n(C+)/ne = 1.4·10−4
(Cardelli et al. 1996) and n(N+)/ne = 7.9·10−5 (Meyer
et al. 1997). Collision strengths were scaled to an as-
sumed electron temperature of 8000 K, and were taken
from Hudson & Bell (2004) for nitrogen and Blum &
Pradhan (1992) for carbon. Values were computed with
updated collision strengths from Tayal (2008) and Tayal
(2011) and differ by 5-10%.
There seem to be more galaxies with large contribu-
tions to [C II] emission from ionized gas than predicted
by models (Accurso et al. 2016). Table 3 shows that four
(or possibly five) galaxies from our sample as well as four
KINGFISH galaxies have roughly half or more than half
(47.9% to 100%) of their [C II] emission from ionized
gas. For galaxies without [N II] 205 measurements, we
can use the prescription of Malhotra et al. (2001) that
found that more than half the [C II] emission of a galaxy
is from ionized gas if its [N II] 122/[C II] ≥ 0.12. This
criterion would concern IC 0676, NGC 3032, NGC 3607,
NGC 4429, NGC 4435, and UGC 06176, with NGC 3489
and NGC 4150 both having ratios greater than 0.11 as
well. In addition to these galaxies, the results of Parkin
et al. (2013) show M51 to have 80% of its [C II] emis-
sion coming from ionized gas in the center, with declining
values at larger radii. For IC 342, Röllig et al. (2016)
find that in the central few hundred pc, 70% of the [C II]
emission comes from ionized gas. We do not find such a
high value using the KINGFISH data, and this is due to
a discrepancy in the [C II]/[N II] 205 ratio. They adopt
a value of 4.89, while we use 2.90, and this factor of 2 is
passed on to the ionized gas contribution.
Attributing these relatively high proportions of [C II]
emission to ionized gas may have implications for high
redshift galaxies and galaxy evolution. Theoretical mod-
els of high z galaxies often ignore the contribution to
[C II] from ionized gas, or if they calculate it, they find
that it is small. Popping et al. (2016) do not account
for [C II] emission from ionized gas, while Olsen et al.
(2015) find the contribution from ionized gas to be under
3%. Vallini et al. (2015) also find a very small contri-
bution to the [C II] flux from ionized gas, and assume
an electron density much less than the critical density of
ne = 8 cm−3, while we infer electron densities as high as
85 cm−3, with over half of our galaxies having densities
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Figure 9. Expected line ratios from collisional excitation models.
A two level atomic model was used for [C II] and a three level
model was used for [N II]. Data for NGC 2764 and 5866 have two
points connected by a line for data obtained with both CO and 250
µm size estimates.
greater than 8 cm−3. Previously most local galaxies had
confirmed small contributions to the [C II] flux from ion-
ized gas, but now larger samples are finding cases that
prove this assumption false. We should be careful to un-
derstand local galaxies in order to ensure the high red-
shift models are correct.
NGC 4526 is an extreme case and warrants further
consideration. The galaxy is not unusual in other re-
spects (i.e. [C II]/FIR, [O I]/[C II], [C II]/CO, etc.),
yet the adopted N/C abundance and [N II]/[C II] ratios
suggest that 96% of [C II] emission arises from ionized
gas instead of PDRs. It is reminiscent of NGC 4125,
where Wilson et al. (2013) propose that all of the [C II]
emission comes from ionized gas, but there is one major
difference between the two cases: in NGC 4125 the as-
sertion about ionized gas rests heavily on the fact that
neither cold atomic gas (H I), molecular gas (CO), nor
[O I] have been detected. In NGC 4526 we detect abun-
dant molecular gas, so it’s curious that PDR emission
apparently plays such a small role. The cause could be
optical depth effects in the [C II] line (e.g. Langer et
al. (2016)), combined with a soft ISRF (very red col-
ors), high gas density in the PDR (so that the C+ shell
is physically thin, with a low column density), and/or
unusual N/C abundance (as discussed for intermediate
mass AGB stars in Mittal et al. (2012)).
3.4. [C II] as a Star Formation Tracer
The [C II] line is a major coolant of interstellar gas,
and the main source of heating for the gas in spirals is
FUV photons from O and B stars, so it is not surprising
that strong correlations between the [C II] surface bright-
ness and several star formation tracers have been found
by Boselli et al. (2012), and more recently studied by
Herrera-Camus et al. (2015). To compare to their work,
we obtained Spitzer MIPS 24 µm fluxes for our galaxies
from NED, or IRAS 25 µm when 24 µm was unavailable
(this was the case for IC 0676, IC 1024, NGC 1222, NGC
2764, NGC 3665, NGC 4429, NGC 4710, and NGC 7465)
(Knapp et al. 1989; Sanders et al. 2003; Moshir et al.
Table 3
Separating [C II] Emission Components
Galaxy [NII]122
[NII]205
[NII]122
[NII]205
σ e− [CII]
[NII]205
ion%
NGC 1222 1.96 0.084 31 2.79 5.6+0.0003−0.0
NGC 1266 3.15 0.56 85 3.00 15.8+0.003−0.006
NGC 2764 1.75 0.067 24 2.77 12.8+0.0−0.0001
NGC 3665 1.65 0.086 21 2.77 48.2+0.0006−0.0
NGC 4459 1.10 0.066 6 2.96 59.6+0.02−0.01
NGC 4526 1.87 0.021 28 2.78 96.1+0.0−0.004
NGC 4710 2.22 0.019 40 2.82 47.9+0.0−0.0
NGC 5866 0.915 0.26 2 3.30 35.1+0.03−0.06
NGC 7465 1.62 0.13 20 2.77 7.5+0.0003−0.0
NGC 2764* 1.02 0.038 4 3.08 24.5+0.007−0.005
NGC 5866* 0.522 0.15 < 1 3.78 66.2+0.0−0.0
IC 0342 2.66 0.23 60 2.90 31.5+0.004−0.004
NGC 1097 1.63 0.05 20 2.77 50.0+0.0−0.0
NGC 2146 3.15 0.30 85 3.00 11.5+0.002−0.002
NGC 3521 0.55 0.15 < 1 3.75 50.7+0.0−0.0
NGC 4826 1.71 0.21 25 2.78 34.3+0.001−0.0
NGC 5055 0.41 0.14 < 1 3.75 82.9+0.0−0.0
NGC 5457 0.23 0.06 < 1 3.75 100+0.0−0.0
NGC 5713 0.89 0.15 1 3.49 36.1+0.03−0.05
NGC 6946 1.15 0.20 7 2.92 26.2+0.03−0.01
Note. — The results of decoupling ionized and neutral compo-
nents of [C II] using the [N II] 122/[N II] 205 ratio for our sample
as well as the KINGFISH sample (Kennicutt et al. 2011). Electron
densities predicted by the model are listed (cm−3), as well as the ex-
pected [C II]/[N II] 205 ratio. The amount of [C II] emission arising
from ionized regions can then be inferred from the [C II]/[N II] 205
ratio. The percent of [C II] emission coming from ionized gas is given
in the last column.
*NGC 2764 and 5866 have additional entries listed for size estimates
based on the 250 µm data as well as the CO sizes because the SECT
corrected spectra produced from CO sizes underestimate the pho-
tometry, while the 250 µm sizes overestimate the photometry. The
true values for these galaxies likely lie in between.
1990; Temi et al. 2009a,b). There were no data avail-
able for NGC 3626 or UGC 06176. If the reported flux
was not corrected for the circumstellar contribution, the
correction at 22 µm used by Davis et al. (2014) was ap-
plied. Most corrections were only a few percent, except
for NGC 3665 and NGC 4429 which had 60% and 35%
of the flux removed, respectively. Additional data from
the WISE 22 micron survey were available for all galaxies
in the sample, and were utilized as a consistent, similar
comparison. The WISE data, along with estimated sur-
face areas for each galaxy (used for both 22 and 24 µm),
were taken from Davis et al. (2014). As in Figure 2 of
Herrera-Camus et al. (2015), we plot the 24 µm surface
brightness against the [C II] surface brightness (including
the contribution from ionized gas) and find a similar re-
sult. There is a tight correlation with an r-value of 0.959
and a standard deviation of 0.27 dex. Our data are plot-
ted with the best fit lines in Figure 10. The slope we
find is 1.094 ± 0.080 (red line) which is slightly less than
the value of 1.2 (blue line) found by Herrera-Camus et
al. (2015), but quite close. The standard deviation on
their data was 0.23 dex, so [C II] is an equally good star
formation tracer for ETGs as LTGs, although the con-
version equation is slightly different. It should be noted
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Figure 10. 24 µm surface brightness (corrected for circumstel-
lar contribution) plotted against [C II] surface brightness for the
galaxies in our sample. The line of best fit for our sample is shown
in red, while the line of best fit found by Herrera-Camus et al.
(2015) is shown in blue.
that our values are galactic values while Herrera-Camus
et al. (2015) use multiple regions from each galaxy to
form their sample. The results indicate that [C II] is a
useful SFR probe in all types of galaxies, and could be
particularly useful in high z galaxies where traditional
methods may be unavailable.
3.5. [C II] as a Molecular Gas Tracer
Observations of 12CO(1-0) were reported for the ma-
jority of galaxies in our sample in Young et al. (2011),
with a few coming from Young et al. (2008), an ob-
servation for NGC 3489 coming from Crocker et al.
(2011), NGC 3607 from Welch and Sage (2003), and
upper limits for NGC 4374, 4486, 5813, and 5846 from
Combes et al. (2007) and NGC 4636 from Sage et al.
(2007). While [C II] can originate in many different
phases of the interstellar medium, the majority of the
[C II] emission is presumed to originate from the surface
of molecular clouds in PDRs (except for a few galaxies
with large [C II] ion contributions), typically around 70%
as shown earlier. Because [C II] is much brighter than
CO, it could be used as a proxy for molecular gas in
galaxies where CO emission is faint such as high redshift
sources. CO resides at the center of the clouds where
[C II] originates, so there should be CO emission corre-
lated with the [C II] emission. As shown in Figure 11,
this is indeed the case, and we find our results in good
agreement with those obtained by Stacey et al. (1991).
The trend is also consistent with additional CO poor
galaxies from the Atlas3D sample that also have [C II]
data available (NGC 4278, 4374, 4461, 4477, 4486, 4503,
4596, 4608, and 5322 (Brauher et al. 2008) and NGC
4472, 4636, 5813, and 5846 (Werner et al. 2014)). The
data are plotted on a log-log scale in Figure 11. The
log-log slope is 0.78 ± 0.068, with a Pearson coefficient
of r=0.82. This linear relation in log space implies a
power law conversion between [C II] and CO, with [C II]
(W m−2) = 714·CO(1-0)0.78 (W m−2). The results also
show that [C II] has a similar scatter with CO in ETGs
as LTGs. The [C II]/CO ratio can also be used along
Table 4
CO dark gas
Galaxy H2 Area CO dark gas CO gas % of total gas
IC 0676 1.71 2.51 7.84 8.63 13.9
IC 1024 3.85 4.29 8.42 8.61 39.3
NGC 1222 7.71 1.63 8.3 9.07 14.6
NGC 1266 1.78 0.03 5.93 9.28 0
NGC 2764 3.77 8.63 8.72 9.19 25.1
NGC 3032 1.8 4.85 8.14 8.41 35.1
NGC 3489 0.42 0.5 6.53 7.2 17.5
NGC 3607 0.4 8.14 7.71 8.42 16.5
NGC 3626 0.86 1.51 7.32 8.21 11.4
NGC 3665 1.08 8.84 8.18 8.91 15.8
NGC 4150 0.31 1.32 6.81 7.82 9
NGC 4429 0.4 0.98 6.8 8.05 5.3
NGC 4435 0.46 0.57 6.63 7.87 5.4
NGC 4459 0.39 1.91 7.08 8.24 6.5
NGC 4526 1.92 2.22 7.83 8.59 14.9
NGC 4694 0.91 1 7.16 8.01 12.5
NGC 4710 3.19 2.97 8.18 8.72 22.4
NGC 5866 1.48 2.39 7.75 8.47 16
NGC 7465 3.16 10.42 8.72 8.79 46.1
UGC 06176 0.78 1.87 7.37 8.58 5.8
Note. — We have calculated upper limits on the amount of CO
dark gas in the galaxies in our sample. Listed here are the H2 column
densities (1021 cm−2), the galaxy areas (kpc2) (Davis et al. 2014),
the masses found from [C II] and CO (log(M)), and the percent of
the total molecular mass that is CO dark.
with other ratios as an indicator of the PDR gas density
and UV field strength through the use of PDR models as
in Gullberg et al. (2015). A full study of PDR models
will be carried out in a subsequent paper, but we note
that similar [C II]/CO ratios in ETGs and LTGs suggest
we will find similar gas densities and UV fields.
Though CO is the preferred method for quantifying the
molecular gas content in galaxies, it has been shown that
[C II] can trace "CO dark" molecular gas that resides in
the layers of PDRs that are not traced by CO. Langer
et al. (2014) find that molecular clouds in the Milky
Way contain significant amounts of CO dark molecular
gas, from 20% in dense clouds to 75% in diffuse clouds.
This CO dark gas can be a large fraction (up to 80%) of
the total molecular gas mass in low metallicity galaxies
such as dwarf galaxies (Fahrion et al. 2016). We do not
expect such large amounts of CO dark gas in our galaxies
with roughly solar metallicity, but several galaxies in our
sample could contain an appreciable amount of CO dark
molecular gas. To estimate the amount of molecular gas
traced by [C II], we calculate the H2 column density using
equation 4 from Langer et al. (2014) and a relative
abundance XH2(C+) = 2.8·10−4, assuming a pressure of
104 K cm−3. We do not correct our [C II] fluxes for
contributions from atomic or ionized gas, so the mass
estimate is an upper limit. On average, ≤ 17% of the
total molecular mass in our galaxies is CO dark. The
galaxies that contain the most CO dark gas are NGC
7465, IC 1024, and NGC 3032, being comprised of ≤
46%, 39%, and 35% CO dark gas, respectively. The H2
column densities and masses can be seen in Table 4.
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Figure 11. [C II] emission vs CO (1-0) emission. Red stars are
from our sample, while blue diamonds come from Stacey et al.
(1991), blue squares are LTGs from the KINGFISH and HERA-
CLES projects (Appendix A; (Leroy et al. 2009)), and red circles
are CO poor ETGs from Brauher et al. (2008) and Werner et al.
(2014). If data from our sample is missing error bars, the error is
smaller than the symbol.
4. CONCLUSION
There are very few observations of FIR emission lines
from ETGs, while many similar observations have been
carried out for other morphological types, including spi-
rals, dwarf galaxies and (U)LIRGs. Here we present Her-
schel observations of 20 ETGs from the Atlas3D survey,
including [C II], [O I], and [N II] 122 emission lines ob-
served by PACS and [N II] 205 emission observed by
SPIRE for a subset of 9 the galaxies.
For the most part we find the empirical measurements
of the ETGs occupy the same ranges as other types of
galaxies. Line to FIR ratios are consistent with previ-
ous observations, as well as most of the [O I]/[C II] and
[N II] 122/[C II] ratios. The [O I]/[C II] ratios do not
reach values as high as ULIRGs or AGN, but are simi-
lar to regular spiral galaxies. Twenty-five percent of our
[N II] 122/[C II] ratios are higher than any other galaxies,
though some galaxies from the KINGFISH survey have
large [N II] 122/[C II] upper limits. There is some evi-
dence to suggest this may be correlated with the state of
the ISM as indicated by the atomic/molecular gas ratio,
and it is certainly correlated with the UV colors. Better
knowledge of the elemental abundance in these galaxies
would help disentangle these correlations.
The [C II]/FIR ratio is strongly anti-correlated with
NUV-K and likely gives rise to the correlation of [N II]
122/[C II] with UV colors. Redder NUV-K colors are
indicative of a soft ISRF and would be relatively weak in
the UV photons that ionize carbon or cause photoelectric
heating of the gas. However, the [N II] 122 emission
suggests that there are non-negligible amounts of harder
(> 13.6 eV) UV radiation. Overall it appears the global
gas properties in ETGs are quite similar to those in late
type galaxies.
We find that [C II] is useful as a star formation tracer in
ETGs. The scatter found for ETGs is similar to normal
spirals, which provides indirect support for their use in
high redshift galaxies, as the [C II] line has been shown
to be a star formation tracer for all morphological types
of local galaxies. Molecular gas surface density is also
known to be a good predictor of star formation rates, and
since [C II] originates on the surface of clouds harboring
CO, it naturally traces 12CO(1-0) emission very well, too,
and we calculate a power law conversion of [C II] (W
m−2) = 714·CO(1-0)0.78 (W m−2).
The percent of [C II] emission arising in ionized gas
is similar for ETGs and normal spirals, except for a few
unusually high values in NGC 3665, NGC 4459, NGC
4526, NGC 4710, and possibly NGC 5866, which reach
values similar to those seen in the center of M51 and in
NGC 4125. About a quarter of galaxies from our sample,
as well as the KINGFISH survey, have more than half of
their [C II] emission coming from ionized gas, contrary
to the current theoretical models for high redshift galax-
ies, and could lead to overestimates when [C II] is used
to trace CO-dark gas in PDRs. This discrepancy could
have significant implications for the future study of high
redshift galaxies and galaxy evolution, where [C II] is
quickly becoming a popular diagnostic workhorse.
Further study of ETGs using FIR spectroscopy will
be carried out using the SPIRE observations of 9 galax-
ies from our present sample. The pair of neutral carbon
emission lines in the SPIRE spectra will allow us to better
characterize the neutral atomic gas in PDRs, constrain-
ing the pressure at the boundary between atomic and
molecular gas and providing information about the den-
sity and radiation field strength through their use in PDR
models. Neutral carbon can also trace another layer of
"CO dark" molecular gas that may be present in PDRs.
Additionally, the mid to high J CO emission lines found
in the SPIRE spectra will help characterize the excita-
tion of the molecular gas in these galaxies, as well as
constrain the density at the center of molecular clouds.
Metallicity is also a very important variable that has
not been incorporated into our study of ETGs. Gas
phase metallicity measurements will be used to explore
trends in all of the FIR line ratios, but the [C II]/FIR
and [N II] 122/[C II] will be of particular interest.
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Figure 2. Optical images of the galaxies are seen along with the PACS field of view and [C II] 158 contours around each galaxy.
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Figure 3. The [C II] 158, [O I] 63, and [N II] 122 emission spectra are shown in black, blue, and red respectively. The [C II] flux is scaled
down by a factor of 5. The spectra shown were obtained by spatially integrating within a 15′′ aperture. The spectral resolutions for the
[C II], [N II], and [O I] lines are 237.8 km/s, 291.2 km/s, and 87.5 km/s, respectively.
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Figure 4. The SPIRE spectra for every galaxy. The uncorrected spectra are blue, while the spectra corrected by the SECT are shown
in gold for source sizes based on CO images, and in gray for source sizes based on 250 µm images (only NGC 2764 and 5866). Overlaid
in red are photometric data points obtained with 22, 30, and 42 ′′ aperture radii for the 250, 350, and 500 µm SPIRE photometry bands,
respectively, except for NGC 2764 and 5866, where a 28 ′′ radius was used for the 250 µm band. The aperture radii were chosen to contain
just the main lobe of the beam, but for NGC 2764 and 5866 a larger aperture was necessary to contain the extended emission. The green
diamonds are synthetic photometry data produced by the spireSynthPhotometry task with the CO size corrected spectra, and the darker
green squares are synthetic photometry based on the 250 µm size corrected spectra.
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APPENDIX
A. KINGFISH DATA
FIR fine structure line flux measurements are available for a large sample of nearby galaxies, mostly spirals, in the
KINGFISH project (Kennicutt et al. 2011). In this paper we make use of the PACS spectroscopic data for the [C II],
[N II] 122µm, [O I] 63µm, and [N II] 205µm lines. Here we present some specific notes related to the measurement of
those line fluxes, comparisons to previous measurements, and notes on corresponding measurements of TIR and CO
fluxes.
A.1. PACS Lines
A.1.1. Data Processing
Fundamentally the line fluxes in the KINGFISH galaxies are measured in the same manner as for our sample of
early-type galaxies (Section 2.4), with the following exception. In estimating the line flux uncertainties, we note that
the expression
√
Nσ1δv is only appropriate when the individual channels are statistically independent of each other.
However, the projected cubes in the Herschel Science Archive are produced with the parameter upsample = 4, meaning
that the output channels are 4 times narrower than Nyquist sampling and the noise in adjacent channels is strongly
correlated. Direct experimentation with this parameter suggests that, when upsample = 4, the expression above needs
to be multiplied by an extra factor of 2 to produce an accurate uncertainty estimate.
The choice of aperture sizes and locations in the KINGFISH data also deserves some comment. The KINGFISH
galaxies tend to be closer than our early-type galaxies, so to achieve broad similarity in linear aperture sizes between
the two samples we usually adopt apertures of radius 20′′ for the KINGFISH galaxies. We take a minimum linear
size of 500 pc for the nearest galaxies, and in two cases the aperture size is enlarged by a factor of 3 because the line
emission is in a ring around the nucleus. Figure A5 shows the distribution of aperture sizes. The KINGFISH apertures
are usually centered on the galaxy nucleus, but in nine cases the aperture is off the nucleus because the [N II] field
does not cover the nucleus or the [N II] emission is stronger elsewhere. For example, in NGC4736 the aperture we use
for the PACS lines is centered not on the nucleus but on the eastern side of the ring (see van der Laan et al. (2015)
for images). Detailed information on the aperture positions and sizes is in Tables A1 and 2.
A.1.2. Comparison to Previously Published Values
Our measured fluxes and line ratios are consistent with previously published values, though it is notable that there
have been some significant calibration updates in the most recent release of the HIPE software.2 Specifically, (1) a new
correction for the illumination pattern on the spaxels is advertised to increase the PACS line fluxes by up to ∼ 30%
compared to previous calibrations; and (2) the [N II] 205µm lines are fully reprocessed with a new relative spectral
response function (RSRF) that accounts for the red leak at wavelengths longer than 190µm. Thus, we provide direct
comparisons of older line fluxes to new ones measured in the KINGFISH data reprocessed to SPG v14.2.0.
The KINGFISH Data Release 3 (KFDR3), released in October 2013, is available from the Herschel Science Center
and was based on HIPE v11. We find that line fluxes in the newly reprocessed SPG v14.2.0 data are systematically
higher than in KFDR3 by about 35% for [O I] 63µm and about 20% for [N II] 122µm and [C II]. (The [N II] 205µm
data are discussed separately below.) Thus, to the accuracy available in these tests, line ratios like [N II] 122/[C II]
do not change between KFDR3 and SPG v14.2 but the [O I] 63/[C II] line ratios are higher in v14.2 than in KFDR3
by a median value of 11%. Furthermore, line ratios to external quantities (e.g. [C II]/FIR and [C II]/CO) increase by
∼20% over previous calibrations. Recent analyses such as Herrera-Camus et al. (2015, 2016, 2017) and Smith et al.
(2017) appear to use the KFDR3 calibrations. The v14.2 values are used in this paper and quoted in the tables.
Older published values are roughly consistent with the values presented here. Croxall et al. (2012) plot [O I]/[C II]
ratios for many individual 10′′ apertures in NGC1097 and NGC4559; in NGC4559 their ratios fall in the range of 0.2
to 0.33, and our measured value is 0.276± 0.008. In NGC1097 they find a similar range, though bright nuclear regions
are much closer to 0.33; our value, which is strongly dominated by the nuclear ring, is 0.453 ± 0.003. In the ring of
NGC4736, van der Laan et al. (2015) quote ratios from 0.17 to 0.33, and we measure 0.326± 0.011.
For the PACS [N II] 205µm line, the new RSRF effectively multiplies fluxes up by factors of 5 to 10 compared
to previous versions including KFDR3. The recalibrated fluxes are also in good agreement with measurements from
the SPIRE FTS (Kamenetzky et al. 2016). Specifically, there are six [N II] 205µm detections in Table A1 which
also have roughly coincident pointings with SPIRE and the mean flux ratio (SPIRE/PACS) of those seven is 0.63,
with a dispersion of 0.10. The agreement is remarkable given that the aperture shapes and sizes are not particularly
well matched; the SPIRE beam at 205µm is roughly a Gaussian of FWHM 17′′, and Kamenetzky et al. (2016)
have attempted to extrapolate to a 43.5′′ beam, whereas for the PACS data we have used uniform circular apertures
whose radius is usually 20′′. The [N II] 122/205 line ratios calculated from Table A1 are also roughly consistent with
analogous values obtained by Herrera-Camus et al. (2016) using the older (KFDR3) PACS 122µm data and SPIRE
FTS 205µm fluxes. Since those authors do not publish tables, only the rough envelopes of measured values can be
compared, but the range of their values (≈ 0.6 to 6, with a peak around 1.4) is similar to ours (≈ 0.5 to 4, also with
a peak between 1 and 2).
2 http://herschel.esac.esa.int/twiki/bin/view/Public/HipeWhatsNew14x
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A.2. TIR and CO data
Table A1 also provides FIR fluxes for the relevant apertures in the KINGFISH galaxies, for use in calculating
[C II]/FIR and similar ratios over those apertures. The “total infrared” (TIR) fluxes are estimated from the 100µm
PACS images in KFDR3 using calibration coefficients in Table 2 of Galametz et al. (2013); those authors also show that
for the KINGFISH galaxies, the 100µm emission can be accurately scaled to TIR emission with very little dependence
on IR color. For comparison with “far-IR" (FIR) fluxes derived from IRAS 60µm and 100µm flux densities, we note
that TIR is equal to FIR×2, within a few percent, for a wide range of IR colors (Dale & Helou 2002). Galametz et
al. (2013) estimate that the calibration uncertainty in the PACS images is about 7%, and the dispersion about their
100µm-TIR relation is 0.05 dex (12%).
CO imaging data for many of the KINGFISH galaxies are also available as observations of the CO J=2−1 line from
the HERACLES project (Leroy et al. 2009), which used the IRAM 30m telescope in an on-the-fly mapping mode.
Those data have an intrinsic spatial resolution of 12′′ and are modestly smoothed to produce a spatial resolution of
13.4′′ FWHM, similar to the 11.5′′ FWHM of the PACS [C II] data. Again, we measure line fluxes by constructing
circular apertures within which the data are spatially integrated to make a single spectrum. For the purposes of
analyzing [C II]/CO ratios and their spatial variation, the apertures are centered on the galaxy nucleus and have radii
varying from 13.4′′ to 300′′. Since the [C II] fields of view often consist of a roughly square area or a long rectangular
strip, the CO data cubes are masked to match the [C II] fields prior to spatial integration. The CO spectra are
straightforward to integrate, with one exception. The CO data cube for NGC4559 also seems to show, besides the
target galaxy in velocities 700 to 900 km s−1, additional significant emission at a velocity of about 1180 km s−1. This
emission has a 20% effect on the CO fluxes for the galaxy, and it is counted in the [C II]/CO line ratio because the
corresponding velocity range is unavoidably included in the [C II] line.
In comparing the KINGFISH [C II]/CO(2−1) line ratios and ours, which are derived from CO(1−0), it is necessary
to assume a CO (J=2−1)/(J=1−0) line ratio. For the galaxies in the HERACLES project, Leroy et al. (2009) find
a mean brightness temperature ratio TB(J = 2− 1)/TB(J = 1− 0) = 0.8, meaning that integrated line luminosity or
flux ratios will be 6.4 in energy units. Similarly Stacey et al. (2010) have used a ratio of 7.2 for their sample galaxies,
which are primarily ULIRGS and may have somewhat higher CO excitation. Leroy et al. (2009) assume an absolute
calibration uncertainty of 20% for the HERACLES data, based on repeated observations of some bright objects on
multiple days; they also remind readers that this value does not account for relatively poor knowledge of the aperture
efficiencies.
Table 2 gives [C II] and CO J=2−1 fluxes and statistical uncertainties, and the [C II]/CO(2−1) ratio, for all of the
galaxies with both KINGFISH and HERACLES data. The exceptions are Ho II, IC2574, NGC3190, NGC4594, and
NGC5474, where the CO emission is faint. The table quotes the line fluxes and ratio measured in the largest aperture,
whose radius is given in columns 2 and 3; variations in in this global [C II]/CO ratio from one galaxy to another span
a factor of nearly 20, which is certainly larger than both the statistical uncertainties and the calibration uncertainties.
A.3. Radial Gradients in Line Ratios
These datasets also provide information on the radial gradients in line ratios, and because the KINGFISH apertures
tend to have smaller physical sizes than the apertures on our early-type galaxies (Figure A5), it is useful to try to
quantify the effects of aperture size. Smith et al. (2017) discuss some extreme cases in which nuclear [C II]/TIR ratios
are a factor of 2 to 5 lower than values measured at ≥ 1 kpc, but in most cases the radial gradients in [C II]/TIR are
modest. Similarly, we have computed [C II]/TIR ratios for the KINGFISH galaxies in a nuclear aperture of radius 15′′
and in the largest aperture available; the ratios systematically increase with aperture size, but the median increase is
only 0.09 dex, which is much smaller than the factor of 10 range exhibited by the set. Figure A5 also shows, as an
example, that the trend of [C II]/TIR with global galaxy color is robust to the aperture size distribution. Thus, line
ratio gradients are certainly present in these datasets but they do not dominate the observed trends.
We also find that the [O I]/[C II] and [N II] 122/[C II] ratios are usually constant with radius in the KINGFISH
galaxies. There are a few notable cases (especially NGC3627, NGC4736, and NGC6946) where [O I]/[C II] increases
sharply, by a factor of a few, for points within about 1 kpc of the nucleus. In IC0342, NGC1097, NGC4321, NGC5457,
and NGC6946 we find similarly dramatic increases in [N II] 122/[C II] in the nucleus. The coverage of the [N II] fields
often does not extend farther than 1 kpc, though, so these discussions of radial variations are necessarily incomplete.
Quantitative analysis of the line ratios is outside the scope of this paper, but we note that a trend of higher [O I]/[C II]
line ratios in galaxy nuclei would be roughly consistent with higher gas densities and UV field strengths, as expected
(e.g. Malhotra et al. (2001); van der Laan et al. (2015), and many others). The KINGFISH galaxies with nuclear
jumps in [O I]/[C II] and [N II]/[C II] also tend to have AGN (see, e.g. Herrera-Camus et al. (2015) or Smith et al.
(2017)).
Most of the galaxies in this sample show a general trend with lower [C II]/CO ratios in their nuclei (inner 0.5 to 1
kpc) and higher values at larger radii. In an extreme case like NGC4736 the [C II]/CO surface brightness ratio varies
from a low of 130±10 in the nucleus (radii < 300 pc) to a high of 1300±300 in the ring (1 to 1.5 kpc), and a moderate
≈ 650 beyond; however, in most cases the gradients are not that steep. Generally speaking the lower [C II]/CO line
ratios in galaxy nuclei are qualitatively consistent with an expectation for higher gas densities in nuclei (e.g. Stacey et
al. (2010); Gullberg et al. (2015)). There does not seem to be a simple or obvious relationship between the presence
or absence of an AGN and a radial trend in the [C II]/CO ratio.
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Table 2
KINGFISH [C II] and CO(2-1) Data
Galaxy Radius Radius [C II] Flux [C II] σ CO 2-1 Flux CO 2-1 σ [C II]/CO(2-1) [C II]/CO(2-1)σ
(arcsec) (kpc) (10−16 W m−2) (10−18 W m−2)
NGC 0337 36.4 3.4 35.2 0.9 1.87 0.10 1885 108
NGC 0628 243.3 8.5 68.2 3.6 13.03 0.24 524 29
NGC 0925 107.5 4.8 31.1 1.0 1.90 0.17 1633 156
NGC 2146 38.0 3.2 585.2 2.4 49.70 0.14 1178 6
NGC 2798 36.6 4.6 36.0 0.6 8.65 0.17 416 11
NGC 2841 150.9 10.3 47.7 2.5 7.25 0.86 657 85
NGC 2976 154.0 2.7 113.3 2.2 10.92 0.35 1037 39
NGC 3049 37.6 3.5 11.2 0.4 0.80 0.09 1398 161
NGC 3077 38.1 0.7 46.4 0.4 2.00 0.07 2316 78
NGC 3184 181.3 10.3 35.7 1.5 9.04 0.22 395 19
NGC 3198 89.9 6.2 19.2 1.8 3.10 0.14 620 66
NGC 3351 144.2 6.5 45.5 1.9 14.14 0.39 321 16
NGC 3521 200.6 10.9 255.8 2.7 35.67 0.62 717 15
NGC 3627 136.5 6.2 227.0 7.2 42.92 0.76 529 19
NGC 3938 150.5 13.1 69.1 2.7 9.18 0.21 753 34
NGC 4254 122.5 8.6 222.6 6.9 42.80 0.36 520 17
NGC 4321 166.7 11.6 109.1 3.1 34.20 0.29 319 9
NGC 4536 144.5 10.2 125.9 3.0 18.29 0.52 689 26
NGC 4559 134.4 4.5 49.6 0.5 2.19 0.27 2265 283
NGC 4569 101.5 4.9 24.0 1.2 18.74 0.28 128 7
NGC 4579 131.3 10.4 24.3 1.7 11.88 0.43 204 16
NGC 4625 37.2 1.7 12.1 0.6 0.56 0.08 2175 324
NGC 4631 294.8 10.9 461.3 5.1 44.99 0.61 1025 18
NGC 4725 40.4 2.3 3.7 0.5 2.25 0.15 164 26
NGC 4736 174.0 3.9 199.3 4.5 36.83 0.62 541 15
NGC 6946 284.4 9.4 525.8 21.6 128.16 0.83 410 17
NGC 5055 215.3 8.3 207.1 8.3 51.30 0.68 404 17
NGC 5457 294.8 9.6 116.5 6.3 22.32 0.50 522 31
NGC 5713 65.2 6.8 99.2 3.6 18.43 0.16 538 20
NGC 7331 89.1 6.3 111.2 1.7 17.43 0.42 638 18
Note. — Data from the KINGFISH sample. All errors listed are 1 sigma uncertainties based on the noise in the
spectra. The error for the [C II]/CO ratio does not include any absolute calibration uncertainties.
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Figure A1. [O I] position-velocity slices through the optical nucleus, along the kinematic major axis as determined from the CO data
(Davis et al. (2011); Davis et al. (2013); Alatalo et al. (2013)). Velocities on the vertical axis are measured by the optical definition
and in the LSR frame, and positions on the horizontal axis are arcseconds (along the major axis) relative to the optical galaxy center at 0.
The Herschel PACS data are shown in red contours, which are drawn at (-2,2,4,6,8,10,12,16,20) times the rms noise level in the center of
the cube; the rms noise levels are about 5 mJy/pix in [C II], 2 to 3 mJy/pix in [N II], and 8 to 12 mJy/pix in [O I]. The negative contour
is dashed. For comparison, we also show the CO emission in black contours and, in dark grey contours, the CO emission smoothed to
approximately the same spatial and velocity resolution as the PACS data. Smoothed CO emission is arbitrarily scaled to have the same
peak value and same contour levels as the PACS slice.
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Figure A2. [N II] position-velocity slices through the optical nucleus, along the kinematic major axis as determined from the CO data
(Davis et al. (2011); Davis et al. (2013); Alatalo et al. (2013)). Velocities on the vertical axis are measured by the optical definition
and in the LSR frame, and positions on the horizontal axis are arcseconds (along the major axis) relative to the optical galaxy center at 0.
The Herschel PACS data are shown in red contours, which are drawn at (-2,2,4,6,8,10,12,16,20) times the rms noise level in the center of
the cube; the rms noise levels are about 5 mJy/pix in [C II], 2 to 3 mJy/pix in [N II], and 8 to 12 mJy/pix in [O I]. The negative contour
is dashed. For comparison, we also show the CO emission in black contours and, in dark grey contours, the CO emission smoothed to
approximately the same spatial and velocity resolution as the PACS data. Smoothed CO emission is arbitrarily scaled to have the same
peak value and same contour levels as the PACS slice.
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Figure A3. [C II] position-velocity slices through the optical nucleus, along the kinematic major axis as determined from the CO data
(Davis et al. (2011); Davis et al. (2013); Alatalo et al. (2013)). Velocities on the vertical axis are measured by the optical definition
and in the LSR frame, and positions on the horizontal axis are arcseconds (along the major axis) relative to the optical galaxy center at 0.
The Herschel PACS data are shown in red contours, which are drawn at (-2,2,4,6,8,10,12,16,20) times the rms noise level in the center of
the cube; the rms noise levels are about 5 mJy/pix in [C II], 2 to 3 mJy/pix in [N II], and 8 to 12 mJy/pix in [O I]. The negative contour
is dashed. For comparison, we also show the CO emission in black contours and, in dark grey contours, the CO emission smoothed to
approximately the same spatial and velocity resolution as the PACS data. Smoothed CO emission is arbitrarily scaled to have the same
peak value and same contour levels as the PACS slice.
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Figure A4. In the case of NGC 1222, the [C II] emission is clearly more spatially extended than the CO. This Figure is similar to Figures
A1, A2, and A3, but has H I in dark grey contours. Here the [C II] emission probably follows the sum of atomic and molecular gas. There
are other hints that [C II] is a bit more extended than CO in NGC 4694, 7465, and IC 1024 as well.
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Figure A5. Left: Size distribution of the circular apertures used for KINGFISH galaxies and our sample of early-type galaxies. Right:
[C II]/TIR values versus global NUV-K colors in the KINGFISH sample, with symbols indicating each aperture’s linear size. The larger
red points correspond to apertures overlapping the early-type galaxy size distribution. The smaller blue points tend to be dwarf galaxies
closer than ≈ 8 Mpc, with limited PACS fields of view.
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